Similarly, complete regressions may be induced by ex vivo expansion of tumor-infiltrating lymphocytes (TILs) that have been extracted from patient tumors. 9 These all speak to an antigen recognition that is subclinical in terms of not inducing tumor shrinkage, but which pre-exists and can be augmented by these manipulations to clinically important outcomes.
The class I antigens in melanoma have been characterized in some cases as being unmutated normal proteins. 10 Some of these are melanocyte differentiation antigens (gp100, tyrosinase), and their targeting can induce tumor response but occasionally also vitiligo and uveitis, eliminating normal melanocytes in skin and retina. 11 Others are the so-called cancer testes antigens (melanoma-associated antigen (MAGE), G antigen (GAGE), B melanoma antigen (BAGE)) that are widely expressed in other tumors but restricted in normal tissues to germ cells. 10 The reason that there is a florid reaction in melanoma, relatively speaking, versus other tumors with the same antigens may have to do with the higher mutational load of melanomas, as discussed below.
Similarly, non-melanoma tumors may have T-cell infiltrates to a lesser degree that may correlate with improved prognosis that is also restrained when high levels of suppressor regulatory T cells (Treg) are present. 12, 13 Where prognosis is improved, survival could be related to some low-level T-cell activity that restrains the tumor growth without eliminating that growth, or the infiltrates may only be a marker of tumors whose characteristics were to be more indolent/ less aggressive that elicits T-cell infiltration for other reasons.
Such T cells with 'low-energy' responses at baseline are presumed to be the mediators through which antibodies against immunoinhibitory receptors act, for example, cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) and checkpoint receptors PD1, Tim3 and Lag3.
14 These antibodies do not directly act on the cancer, but they act on the T cells to relieve blocks on the T-cell immune system. These agents have shown tumor responses in a significant minority of patients with select cancers. The idea that there is a subset of tumors with infiltration of T cells, presumably specific, but anergic, exhausted or in other ways immune hindered, is tantamount to acknowledging that the body recognizes cancer, even if the cancer may not be killed efficiently. With these interventions, solid tumors that were progressing under the patient's own immune system are now able to be killed. Patients survive the treatment with relatively few side effects or they may experience autoimmune responses, depending on the particular agent, tumor and patient. These interventions yield significant numbers of solid tumor durable remissions, the challenge that is before us with designer chimeric antigen receptor T cells (CAR-T, dTc) in this essay. To understand this better, it bears recalling basic elements of T-cell ontogeny.
IMMUNOLOGY 101
T-cell precursors originate in the bone marrow and migrate to the thymus where they become CD4 CD8-double-negative (DN) pro-T cells. Next, as pre-T cells, they undergo T-cell receptor (TCR) rearrangement and become CD4 CD8-double-positive (DP) thymocytes. DP cells undergo positive and negative selection before maturation. Positive selection occurs for DP cells with TCRs that recognize self-major histocompatibility complex (MHC) plus selfpeptide with low affinity. DP cells that do not recognize self-MHC are eliminated. With this, surviving DP T cells are now self-MHC restricted. Negative selection occurs against DP T cells with TCRs that recognize self-MHC plus self-peptide with high affinity, eliminating high-affinity self-TCRs. Following this, surviving DP T cells mature into singlepositive CD4 or CD8 T cells. Only 2-3% of double-negative T cells entering the thymus survive this process, with the remaining 97-98% undergoing apoptosis and elimination by thymus macrophages. 15 This process efficiently deletes T cells with high affinity for selfantigens and protects most of us from autoimmunity during our lifetimes. Low-affinity self-TCRs are passed through to allow a broader range of TCRs to confront pathogens with high-affinity anti-pathogen TCRs, whereas other mechanisms evolved to control these less vigorous effectors from self-reaction, for example, Tregs, myeloid-derived suppressor cells, anergy and exhaustion.
14 Yet, the activation of some of these low-affinity selfreactive T cells by pathogens may have a bystander effect in some autoimmune disorders in reacting to infections, as suggested in juvenile onset diabetes 16 and as postulated in certain antitumor responses after bacterial exposures. 17 On the other side of this equation, a correlation has been defined between response to checkpoint blockade and tumor mutational burden. 18, 19 Tumors such as melanoma, non-small-cell lung cancer and renal cell cancer have high levels of mutations that are thought to yield new antigens ('neoantigens') that are preferentially recognized versus the native proteins. One could speculate that low-affinity self-TCR may have a slightly higher affinity for altered peptide-MHC than was apparent with the native protein peptide. This could lead to modest degrees of T-cell expansion that presents as T-cell infiltrates but where the response is curtailed by T cell checkpoint receptors that have engaged ligand on tumor that checkpoint blockade unleashes. If there were no TCR affinity change, then the checkpoint blockade is unlikely to unleash full antitumor activity.
This prompts an interesting speculation. CD8 T cells ('cytotoxic' T cells, CTL) recognize peptide in the context of class I MHC, which is present on all nucleated cells. CD4 T cells ('helper' T cells, Th) recognize a structurally distinct peptide in the context of class II MHC, which is restricted to antigen-presenting cells, such as dendritic cells, monocytes and B cells. Neither a CD8 T cell nor a CD4 T cell can mount an effective immune response alone; their mutual collaboration is required. Because the structural aspects of the peptide for class I and class II MHC presentation are so divergent, 20 it is essentially impossible for a single mutational event to stimulate both types of T cells. Therefore, there must be a minimum two events for two newly altered peptide-MHC in the tumor cell to cross the threshold to be 'higher' affinity for antigen recognition on class I and class II MHC -now qualifying thereby as 'neoantigen', likely originating from different proteins. This could be considered a two-hit hypothesis for immunogenesis analogous to the two-hit hypothesis for tumorigenesis. 21 This would mean that a high incidence of mutations increased the chance to achieve two mutations that would engender a heightened, functional immune recognition.
On the other hand, it has been demonstrated that CTL responses in melanoma against MAGE, GAGE and so on are against unmutated class I peptide. 10 Yet, there still remains the information that the high mutation status of melanoma correlates with it being the most responsive cancer to immunotherapy. 18 In the cases of a normal class I peptide, one may speculate that mutations in the tumor lead to selection of 'higher affinity' peptide for class II presentation that provides the CD4 help, albeit the combination is still insufficient in most instances to bring about tumor response except when alleviating inhibitory influences on the TILs. 18 (Others have argued that the MAGE, GAGE and so on antigens are not important to clinical antitumor response, but that clinical response occurs solely with mutated genes that are not defined, 22 which would bring us back to two mutations being required for melanoma as well.)
Yet, these combinations of normal and mutated self-peptides, or mutated and mutated, are truly selective for tumor, hence 'tumorspecific.' However, the incidence of autoimmunity 23 with tumor responses is still sufficient to invoke crossreaction, potentially with normal antigen in class I-directing CTL responses, but under the newly engaged class II reaction to promote CD4 helper cells.
The foregoing is all crucial background for conceptualizing the challenges of CAR-T in solid tumor therapies from the point of antigen definition.
CAR-T ANTIGENS
Every 'tumor antigen' in serum that oncologists use to follow the growth of cancer is a normal unmutated protein: CEA (carcinoembryonic antigen), PSA (prostate-specific antigen), CA19.9 (cancer antigen 19-9), CA15.3 and so on. As CAR-T cells do not distinguish normal from tumor, only antigen-positive or antigen-negative, there is not an inherent basis for success against tumor and safety of the patient when killing all cells that express the antigen. On the other hand, there may be quantitative differences between tumor and normal tissues that may be exploited in some scenarios. For example, CEA is said to be 35-fold higher on colorectal tumors than on normal colonic epithelium, with similarly disparate expression of prostate-specific membrane antigen (PSMA) and mesothelin in tumor versus normal tissues. [24] [25] [26] Most importantly, with the exception of the EGFRvIII mutant protein in gliomas (below), we do not have any real, accessible neoantigens to broadly target. The strength of CAR-T as a therapeutic agent is also its handicap-CAR-T have been advertised as an off-the-shelf reagent for all patients with a diagnosis, not something that is personalized at the level of the tumor antigen that differs from one patient to another. Furthermore, the normal mode of CAR-T generation has been to create antigen-binding domains of uniformly high affinity, and in every case much higher than native TCR affinities for peptide-MHC. This may hinder the expectation of discriminating between high-and low-expressing cells in the body when a CTL can be activated with just a few TCRs being engaged. 27, 28 There have not been tumor-specific antigens defined in a way that allows for broad targeting of patients with specific cancer types. To approximate this, genes with relatively restricted normal expression have attracted attention. These include the so-called cancer testes antigens, as mentioned under melanoma (above) and widely present in tumors-MAGE, GAGE, NY-ESO-1 and so on, whose normal expression is largely confined to gonadal tissue. Because these antigens are not surface expressed, they have been targeted with simple TCR transfers with encouraging responses, 29 but which omit the benefits of CAR technology to engage signals. Even in these instances, however, crossreactions with normal tissues are possible. A clinical trial using TCR to a MAGE peptide crossreacted with other proteins in the central nervous system that share peptide homology that yielded important clinical responses but also resulted in deaths and study termination. 30 Another approximation of a broad tumor antigen for CAR targeting has been to rely on alterations in differentiated functions of the normal tissue, e.g., as in where glycosylation differences were defined in specific proteins. This has been exploited in preclinical models to date, 31 with utility in human testing still to be determined.
The discussion to this point has focused on the nature of antigens and how the immune system discriminates them from self and then targets them. To be an off-the-shelf reagent for many patients, however, antigen selection for CAR-T cells is of necessity restricted to shared normal cell constituents that will have its consequences, as we discuss below.
The other side of the CAR from the antigen selection and recognition is the machinery that drives the T-cell response. The majority of CAR research has been in this area, with the role of antigen specificity relegated to allowing a demonstration of targeting. The engineering of CARs and their evolution is captured in the following history that has focused on increasing the potency of the engineered T cells.
CAR-T HISTORY
I conceive that there have been five phases of designer CAR-T cell research.
Phase 1: The beginnings Now 30 years ago, the first report of a chimeric antigen receptor was by Kuwana et al. 32 in 1987 using an Fv-TCRαβ chimera with antibody against a bacterial antigen (phosphoryl choline). Transduced T cells were activated in the presence of phosphoryl choline-positive but not phosphoryl choline-negative bacteria, providing the first proof of principle that antibody-type antigen specificity could be engineered into T-cell signaling. This was followed by similar studies from a number of labs confirming grafting of VH+VL antibody domains onto TCR chains with hapten targets. [33] [34] [35] [36] The first demonstration of a single molecule to engage recognition and signaling was by Romeo and Seed 37 in 1991 with an anti-HIV chimera that successfully directed transduced T cells to target and kill gp120-expressing cells. This involved linking antigen recognition via a CD4 extracellular domain to cytoplasmic domains of signaling molecules, CD3 ζ-chain of the TCR complex (e.g., CD4-ζ) and γ-chain of the Fc receptor γ-III molecule (e.g., CD4-γ) that is prominent on natural killer cells and mediates antibody-dependent cell-mediated cytotoxicity. These were the first true CARs in the modern sense of joining recognition and signaling in a single molecule.
The first single-chain antibody CARs against hapten and then tumor antigens emerged from the Eshhar group in 1993 and in many other labs shortly thereafter [38] [39] [40] [41] [42] [43] (Figure 1 ). These and ensuing studies helped to define the range of utility of 'T-body' or 'universal receptor' targeting, with a concentration on tumor targets. The focus of CAR research was on designing functions (hence 'designer T cells') that would rescue the range of reactivity and potency displayed by T cells. In an anti-Her2/neu (erbB2) xenograft model of human breast carcinoma in immunodeficient mice supplemented with IgTCR-modified T cells, tumor was delayed or cured. 41 In a Mov18 human ovarian xenograft model, 42 T cells with chimeric signaling molecules were similarly shown to delay or cure tumors. No toxicities were experienced by the animals.
While the first CAR, as noted above, actually used ligand (CD4) rather than antibody for target recognition (HIV gp120-expressing cells), 37 the first use of ligand for tumor targeting was the so-called IL-13 zetakine created by Jensen and co-workers 44 to engage IL-13Ra2 on gliomas. TCR-CARs with TCRab chains covalently linked to signaling chains were created for MAGE/A2 peptide-MHC for melanoma therapy 45 and later by ourselves for peptide-MHC of JC virus that causes progressive multifocal leukoencephalopathy. 46 This period (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) ), which we can call Phase 1, was dominated by preclinical in vitro investigations and in vivo testing in animal systems, improving our understanding of the basic elements of the technology. Studies addressed the best chains for signaling (TCR CD3-ζ versus FcR γIII γ-chain), the use of Fab versus sFv antibody domains, the presence or absence of hinge spacers for optimal antigen engagement, the use of ligand versus antibody versus TCRab for antigen recognition, promoters for CAR expression, viral versus non-viral vectors, methods for vector production and T-cell transduction and finally methods for expansion and harvesting of the designer CAR-T cells for human use. See Ma et al. 47 for review of these early efforts.
Phase 2: Clinical trials, round 1
The next period, which we can call Phase 2, was marked by the beginnings of patient experience, all with what we now call firstgeneration agents. This spans the years 1994-2010. The lag from preclinical to clinical work was often 5 years or more. The first designer CAR-T in humans was not for oncology but for an HIV application with CD4-ζ CAR, which was tolerated but without persuasive benefit. [48] [49] [50] The first oncology studies were by Hwu and colleagues. 51 in ovarian carcinoma with an anti-MOv18 chimera. This was applied in 18 doses to a maximum of 5 × 10 10 cells +IL-2 in eight patients without toxicity or clinical response. 52 An anti-Tag72 IgTCR was applied in colorectal cancer, with doses to 10 10 cells in 16 patients, and was well tolerated but without clinical responses. 53 (The initial report indicated potential responses by decline of serum Tag72 after treatment in several patients. However, this was later shown to be due to an anti-V region antibody response in patient sera that interfered with an ELISA (enzyme-linked immunosorbent assay) assay to give a false impression of decreased TAG72.) Our own Phase 1 tests applied 24 doses of up to 10 11 anti-CEA designer T cells in an intrapatient Figure 1 . Structure of an antibody-based CAR. The T-cell receptor/CD3 complex (TCR) is comprised of six proteins: α, β, γ, δ, ε and ζ. The structure of the αβ receptor chains is analogous to the Fab portion of an antibody with variable (V) and constant (C) domains. γ, δ and ε also have Ig-like extracellular domains. Boxes in the cytoplasmic domains represent signaling motifs in all chains except α and β. Antibody V regions are engineered to create an sFv and then linked to the signaling portion of ζ, in this IgTCR CAR representation, via an intervening spacer derived from the hinge portion of CD8α.
Editorial dose escalation in seven colorectal and breast cancer patients (five − IL-2 and two +IL-2 continuous infusion), with adequate tolerance and minor responses in two patients (one on each arm). 54 One of these patients, with liver metastases and retroperitoneal adenopathy, experienced a 50% CEA reduction and cancer pain remission, but also experienced fevers to 103.8°F and relative hypotension reminiscent of later described cytokine release syndromes (CRS) (below). In this context, we speculated at that time: 'We believe it is likely that an effective immune response will correlate with flu-like symptoms, with ample cytokine production, inasmuch as flu symptoms are not caused by the virus during an infection, but rather by the immune system response to virus'.
Two Phase 1 studies at the City of Hope were initiated with designer T cells specific for CD20 in non-Hodgkin's lymphoma postautologous transplant 55 and for L1-CAM in neuroblastoma. 56 Doses to 1-2 × 10 10 cells were administered in seven patients in the first study and to 2 × 10 9 in six patients in the second, with good tolerance. Patients had T-cell persistence of 1-3 weeks in the CD20 study that was extended to 5-9 weeks in patients who also received low-dose subcutaneous IL-2. A partial clinical response was observed in 1/7 patients on the CD20 study, but the L1-CAM study was without objective responses. A later study was performed in prostate cancer with PSMA targeting using a first-generation CAR with single doses of 10 9 or 10 10 T cells in conjunction with lymphodepletion (LD) (below) and continuous infusion IL-2. This showed CAR-T engraftment fractions of 5-52% and PR in 2/5 subjects with PSA declines of 50 and 70% and PSA delays of 78 and 150 days. 57 Depletion of IL-2 by high engrafted activated T-cell fractions was speculated to have limited the responses.
Building on a literature for regional therapy with cytokines and/ or LAK/TIL (lymphokine activated killer/TIL) cytotherapy, 58, 59 this period also saw the first application of regional CAR-T infusions with the hope to overcome the apparent weakness of CAR-T to enter solid tumors. It had long been observed in TIL therapies that T cells administered intravenously are 490% retained initially in the lungs, and secondarily in the spleen and liver of the patients, 60, 61 and similarly with the designer T cells in one study. 50 To improve tumor targeting, strategies were devised to bypass the lung and secondary organs by directed site targeting (e.g., hepatic artery for liver metastases). (It is noteworthy that even for lung metastases, the tumor blood supply derives from the systemic circulation and not from the pulmonary vasculature. Hence, even in the setting of lung tumors, there is no advantage to the initial lung sequestration that follows intravenous administration.) Hege and co-workers 53 applied hepatic artery infusion with the Tag72-specific designer T cells in six patients with colorectal cancer liver metastases, with doses to 10 10 cells, and 10 patients received the same doses peripherally. Treatments were tolerated, but clinical benefit was not apparent by either approach. Without responses in either of these intravenous or local infusion studies, it was not possible to make comparative judgments of the value of this strategy. Nevertheless, there is a viable rationale for intra-arterial administration that merits additional testing as newer designer T-cell agents are introduced into the clinic (below).
In a further regional intervention, IL-13 CAR directed against IL-13Ra2 was administered intracranially into glioma resection cavities in three patients with up to 12 doses of 10 8 CAR-T cells. 62 Transient antiglioma responses were noted in two subjects, but without durable impact. Finally, as a conceptual bridge to later engineering of costimulation into the CARs, an innovative approach was to piggyback the CAR specificity onto a competent immune response that engages a native costimulation. This was initially proposed to engineer an antitumor CAR onto alloreactive T cells in bone marrow transplantation settings. 63 The first clinical application of this concept took a first-generation, signal 1 GD2-specific CAR and expressed it in Epstein-Barr virus-specific CTLs and infused these back into patients with neuroblastoma. 64 The CAR-T cells grafted onto Epstein-Barr virus T cells survived twice as long (46 wks versus~3 weeks) with an area under the curve 10 times greater for in vivo persistence compared with CAR-T cells created from non-immune OKT3-activated T cells. Tumor response was seen in 50% of subjects, a clear increase in benefit versus prior interventions.
Phase 3: The emergence of costimulation The next period, we can call Phase 3, was marked by a return bedside-to-bench trajectory in the period 1996-2008. With the failure of first-generation products to induce major antitumor effects, evolving understandings of the normal role of costimulation in T-cell biology led to a belief that activation-induced cell death and inadequate local cytokine production was contributory to the inadequacy of these early products. These problems had the potential to be overcome by incorporating signals for costimulation.
The first application of a CAR with costimulation is credited to Alvarez-Vallina and Hawkins in 1996. 65 They separately and then coordinately engaged the so-called signal 1 (TCR CD3-ζ) and signal 2 (CD28) with hapten-specific CARs for markedly improved cytokine production. This discovery prompted our own studies that showed engagement of CD28 costimulation in conjunction with designer CAR-T cell blocked activation-induced cell death while significantly enhancing CAR-T survival, expansion and net tumor cell killing. 66 Following or contemporaneous with these demonstrations, a redesign of agents ensued in what we now term a second-generation collinear format with signal 1 and signal 2 in a single chain, first shown by Finney et al. in 1998, 67 and subsequently by Maher et al., 68 with antibody-hinge-CD28-CD3ζ ( Figure 2 ). A critical result was shown that has guided the design of all later constructs: any configuration that moved the CD28 endodomain distally from its native juxtamembrane position lost function, whereas the activity of ζ was indifferent to its position. Since this time, all CD28 costimulatory constructs have been placed juxtamembrane with CD3 ζ in the distal position. Although CD28 was most widely used for costimulation, other groups used 4-1BB alone or in combination with CD28. 69, 70 Phase 4: Clinical trials, round 2 The clinical testing of second-generation, two-signal designer CAR-T cells marked Phase 4, the period from 2008 to 2016. The first second-generation, two-signal designer T cells to enter the clinic were for CD19+ lymphomas (M Sadelain) and for CEA+ adenocarcinomas (R Junghans). Results were initially modest for CD19+ tumors with direct systemic infusion of CAR-T cells. 71, 72 These results seemed at odds with the promise from preclinical studies of the ability of added costimulation to mediate cures. One study with a mixture of first-and second-generation CAR showed superior persistence and activity of the second-generation CAR-T cells, 73 seemingly supporting some value to the second-generation modification, albeit not a home-run. No responses were observed in the CEA study, even with CAR-T doses to 10 11 cells; when IL-2 was added in this study, major marker reductions were noted that were encouraging for response in a limited set of patients treated systemically (RPJ, unpublished results) or regionally. 74 Also arising in this period of CAR-T applications was the implementation of lymphodepletion (LD) conditioning. This innovation, unrelated to any CAR-T design, was originated for TIL therapies at the Surgery Branch/NCI. LD protocols were instituted that used non-myeloablative chemotherapies or myeloablative radiation exposures. These created a hematopoietic space with elevation of homeostatic cytokines IL-7 and IL-15 that could engender massive expansions and engraftment of infused activated T cells. Dudley et al. 75 showed that the more intensive the conditioning, the better the engraftment and the higher the response rates in melanoma, including many durable remissions.
With the application of LD before CAR-T cell infusion, there was similarly a marked improvement in response rates. Even firstgeneration products (e.g., PSMA CAR, 57 above) could generate meaningful responses with this maneuver. Nevertheless, the advantages to costimulation would be also advantageous (or dangerous, as discussed below) in the LD setting. This Phase 4 with institution of LD became the period of spectacular responses with second-generation CAR-T in the CD19 acute B-cell lymphoblastic leukemias (ALL) especially, with CR rates of up to 90% or higher, including many durable remissions (reviewed in Davila and Sadelain 76 ). Lesser but still impressive response rates have been noted in CLL and non-Hodgkin's lymphoma . 76 The results in solid tumors with second-generation CAR-T and engraftment protocols are discussed in the later sections.
With these CD19 CAR-T results, an interesting conversation has arisen around the selection of costimulatory molecules. Although the constructs with CD28 and 4-1BB were equally potent for ALL, the CD28 results were markedly less potent than 4-1BB with CLL and non-Hodgkin's lymphoma B-cell malignancies. ALL may be more sensitive due to the inherent fragility of blast cells that are readily destroyed by either CAR-T (see below). Features of 4-1BB in promoting memory have been touted as possible reasons for the difference in the harder-to-treat non-ALL B malignancies. 77, 78 At this point, it is not clear whether there will be a shift to using 4-1BB, or whether other accessory interventions may drive CD28 CARs to equivalent benefit (e.g., deeper LD conditioning).
The first application of conditioning with CAR-T in solid tumors was in 2008 with PSMA targeting, 57 as noted above. With LD, PSMA targeting generated clinical responses without evidence for normal tissue toxicity. This employed a first-generation CAR. A subsequent prostate protocol with a second-generation anti-PSMA CAR and a milder conditioning regimen had no toxicity but also no response that may have been limited by the observed lack of engraftment. 79 The first use of a second-generation CAR with a full LD protocol was with an anti-Her2 CAR-T treatment in a colon cancer patient. 80 This patient died in 5 days, with hemorrhagic enteritis, pulmonary edema and cardiac arrest. A dose of 10 10 CAR-T cells had been infused and these cells massively expanded after infusion post LD. These CAR-T cells proved to be extremely potent, as with engrafted TILs, but now with targeting known sites of normal antigen expression (bowel, lung, heart) in what came to be known as on-target/off-tumor toxicity. This event generated much discussion regarding safety to normal tissues when targeting with CAR-T (below).
The LD protocol was identical for the PSMA study 57 and for the Her2 study. The higher hazard in the Her2 study may be because of the second-versus first-generation format of the PSMA study or because of the inherent risk/safety of the tumor antigens being targeted. This is considered further in later sections of the essay.
Phase 5: Clinical trials, round 2, extended edition---solid tumors The death of the Her2 CAR-T patient marked the beginning of Phase 5, which is where we are now. Where on-target/off-tumor toxicity in CD19 targeting leads to normal B-cell aplasia, this can be offset by administration of immunoglobulin preparations. In solid tumors, loss of tissues expressing antigen can lead to fatal consequences, as illustrated. This phase marks the arrival of CAR-T potency, whether by CAR design or by how the cells are administered or both, with consequences good and bad. It marks that point at which a balance had to be struck between tumor killing and tissue toxicity. This phase may be considered to have originated with the use of second-generation agents, contemporaneously with the first B-cell lymphoma treatments, but with a more protracted exploration necessitated by hazard to normal tissues with solid tumor antigens.
A prevailing belief has been that LD in conjunction with secondgeneration CAR-T will be required to induce cancer remissions, whether tumor is liquid or solid. 81 A re-examination of this premise is necessitated, however, by the worries of safety against selfantigens in normal tissues. This can be a concern even without LD, but especially with LD where it is difficult to control exposures (which can vary 10-fold from the same administered dose 57 ) and it is difficult to reverse toxicity once those exposures are in place. These considerations will occupy the remainder of this essay with speculations about how we can get to a point of comparable benefit with solid tumors-with the potential for helping many thousands more patients than we can with CD19 targeting.
RESPONSES WITH CAR-T IN SOLID TUMORS
With the CEA clinical trials, one with first-generation CAR, one with CEA-specific TCR and three with second-generation CAR 54, 74, [82] [83] [84] (RPJ, unpublished data) all showed significant marker reductions but without corresponding tumor shrinkage on imaging studies 1 month after treatment. The TCR transfer was not a CAR, that is, there was no direct conjugation with signaling chains but only through the normal TCR association with CD3 chains to generate signal 1. This would be analogous to a first-generation CAR. The TCR transfer was with LD and T cells engrafted, but lost activity over time. However, under the new immune response (iResponse) criteria, 85 which allow for the delayed tumor shrinkage with immune therapies, these studies could have missed responses with their early views.
PSMA targeting was performed in two trials with first-or secondgeneration CAR, showing in one study PR in 2/5 subjects in a dose escalation, with 50 and 70% PSA reductions and PSA delays of 78 and 150 days, and in the second study no responses (0/7). 57, 79 The PSMA study with partial responses used a first-generation CAR but with IL-2 supplementation (low dose) and a more intensive conditioning regimen with higher CAR-T engraftment. In the PSMA and CEA studies, IL-2 was suggested to be important to the responses that were obtained 57, 74 (RPJ, unpublished data). In a transient protocol in two subjects, mesothelin targeting with a second-generation 4-1BB CAR without LD similarly showed minor or mixed response in ascites and tissues. 87 In two glioma studies, systemically administered second-generation CAR-T at very low doses (p5x10 8 cells) against EGFRvIII 88 showed 0/9 objective responses, or against Her2 89 (piggy-backed on CMV specificity analogous to Pule et al.
64
) generated 1/16 PR. Both were well-tolerated. In a follow-up on the earlier firstgeneration IL13 zetakine trial, 62 a second-generation CAR-T against the IL13Ra2 antigen showed limited activity in seven patients when administered to tumor resection cavities, but then complete tumor regressions in brain and spine in the one patient who subsequently Editorial also received CAR-T cells intraventricularly. 90 This agent showed good safety despite wide expression of IL13Ra1 in the body with which this CAR-T cross-reacts, possibly protected by the regional treatment strategy. Although the patient ultimately relapsed, this result is highly encouraging for treating solid tumor, at least for this tumor that allows selective regional targeting.
Logically, the tumor selectivity of the mutant EGFRvIII, a true neoantigen, 91 should permit much higher dosing (e.g., 10 11 cells systemically) or LD engraftments to improve response rates with continued safety. In contrast, further systemic simple-infusion (SI) dose escalations will be required to judge safety versus efficacy for targeting the widely expressed normal Her2 antigen, especially given its known hazard. 80 To date, these tests have been performed cautiously and safely, without engraftment procedures.
The pattern over these early studies is that there is encouraging activity against solid tumors, but the depth and duration of responses have not approximated those seen in B-cell leukemia therapies. The only solid tumor studies with effective LD were with the firstgeneration PSMA CAR and CEA TCR transfer that would be analogous to the first generation as stated above, and in the Her2 trial with second-generation CAR-T. In the latter case, it was not possible to judge tumor response because the patient died quickly. It is likely that an increased benefit would be obtained by the combination of LD with second-generation CAR if toxicity could be avoided. However, it is possible, even in the case of avoiding toxicity, that equaling the results in liquid tumors will require additional measures.
Finally, there are features of the tumor microenvironment that may predominate more in solid than in liquid tumors. Such features include suppressor cell types (Treg, myeloid-derived suppressor cell and so on) that can affect CAR-T, 92 issues of vascular access and tumor penetration as well as antigen overload that can lead to T-cell exhaustion or anergy. 8, 93 An excellent review of the potential for suppressive microenvironment issues recently appeared. 94 Solid versus liquid tumors In the following, we contrast liquid tumors with these solid tumor results: understanding the relative ease of treating liquid tumors could be instructive to the challenges for solid tumor treatment. By liquid, we mean leukemias and lymphomas, more specifically, B-cell malignancies. 95 It is unclear at this point whether there will be a similar success with other liquid tumors: the myeloid cancers acute myelogenous leukemia, chronic myeloid leukemia and their variants, or with T-ALL.
Leukemia safety. CD19 targeting has been called the ''lowhanging fruit'' for CAR-T therapy, because we can do without the organ ('B cells') and its antigens are highly restricted. The same can be said of targeting CD20, CD22 and BCMA (CD269). To be clear, B cells are an essential organ. They are the progenitors to plasma cells that make antibody without which we cannot survive. All patients treated with anti-CD19 CAR-T with resulting B-cell aplasia would die if left without other intervention. Only modern medicine has provided the means to dispense with this organ by supplementing with clinical immunoglobulin prepared from donors who still have normal B cells. However, it is one of the few organs for which antigens are so selectively restricted that can also be so readily 'dispensed' with, i.e., substituted for. (Thyroid is a second example.) Other organs can also be 'dispensed' with, such as breast, prostate and reproductive organs, but antigens are rarely perfectly restricted to these organs.
Leukemia response. It is worth considering further differences and possible rationales for deeper responses in the CD19 studies versus solid tumors. 1. Liquid/lymphoid tumor versus solid: a. Distribution: Liquid/lymphoid tumors are thought to be therapeutically more amenable to trafficking and killing than solid tumor (e.g., prostate cancer), inasmuch as T cells will go where lymphocytes go and where B-CLL and ALL are foundblood, bone marrow, spleen and lymph nodes. b. Sensitivity: There is also the matter of intrinsic sensitivity of lymphoid malignancies to therapeutic agents. For example, 'single-agent' prednisone can lyse 50% of CLL cells with no effect at all on solid tumors. 96, 97 2. Three signals versus two signals: The CLL treatment setting is stated as using two signals (4-1BB or CD28 plus ζ engineered into CAR). Both the configurations worked well with B-ALL, with complete response rates of 90 and 87%, 98, 99 but the 4-1BB CAR was superior to CD28 for clearing B-CLL, with overall and complete response rates of 57% and 29% for 4-1BB versus 20% and 0% for CD28, respectively. 71, 100 The blasts of ALL are inherently more fragile and may be more susceptible to killing than small, more mature cells of CLL so that differences in the costimulatory molecule do not matter for lysing ALL but differences are important for killing CLL. However, the differences favoring 4-1BB in for CLL could derive from the 4-1BB CAR actually being three signals because of additional stimulation of CAR-T CD28 by B7 on CLL that is lacking on solid tumors-which we and others showed can be effective in trans. 65, 66 Nevertheless, significant differences exist in the activities of 4-1BB versus CD28 that may translate into superior resistance to exhaustion, 78 for example, and a favorable memory generation profile 102 that could work in favor of this configuration even if just two signals. These are points that will be of interest to answer in solid tumor studies (in which B7 is normally absent). The CLL and ALL studies did not use IL-2, but effectiveness was correlated with CRS, 103 in which diverse T-cell cytokines were prominently detected. 104 Although two signals are superior to one signal for IL-2 secretion, 105 the third signal may be superior to two signals. Whether IL-2 would rescue the effectiveness of the two-signal CD19 CD28-ζ CAR (as for solid tumors 106 ) to equal that of the "three-signal" 4-1BB setting in lymphoma without IL-2 would need a further clinical trial. 3. Dispersed tumor sustaining bulk CAR-T activation: The dispersed nature of liquid tumors and the persisting normal B-cell emergence means that a large fraction of the CAR-T will undergo recurrent, continuing antigen stimulation, thereby maintaining the activation state of the bulk CAR-T, sustained by continued cytokine production, including IL-2, for T-cell support and expansion. In contrast, in the solid tumor patients who have small volume, focused sites of disease, most CAR-T in circulation will never see tumor, and bulk CAR-T will thus pass to resting state over time.
This dispersed or focused status could be important for recirculating CAR-T that may continually enter tumor sites. Recirculating CD19 CAR-T will still be activated to kill tumor on tumor re-entry, whereas the newly resting CAR-T that re-enter solid tumors will likely have lost their potency. This supposition accords with the long-ago observation that a prominent predictor of response was the rate of expansion of the TILs before dosing; 107 more activated and highly proliferative T cells had a longer duration of activity in vivo with greater clinical impact before passing to resting state. Validity of this scenario would add impetus to obtaining higher CAR-T exposures (engraftments) in that critical early time period of activation supported with adequate IL-2, providing a deeper suppression of the tumor.
SAFETY WITH CAR-T IN SOLID TUMORS
In general, there has been a significant concern for safety of CAR-T targeting, particularly in solid tumors. 81, 108 Because the antigens for CAR-T are inevitably shared by normal indispensible tissues, there is a potential for dose-limiting toxicity at 'drug' (CAR-T) exposures that will be insufficient for tumor eradication. Some examples are instructive.
When renal cell carcinoma was treated by a G250 CAR-T against CAIX (carbonic anhydrase 9), dose-limiting liver toxicity resulted from targeting the antigen on biliary epithelium, 109 ultimately leading to study suspension. It was not previously recognized that this antigen was expressed on bile ducts. CEA, the most widely expressed tumor antigen, with antigen-positive tumors accounting for~150 000 deaths per year, was selected for targeting with CAR-T cells or with TCR transfer T cells (in which MHC-presented CEA peptide was recognized) 54, 74, 83 (RPJ, unpublished data). In these studies, a prominent colitis developed. Two among the G250 and CEA studies were suspended, 83, 109 but no patient died as a result of these interventions; our own CEA studies are continuing to accrue patients. In the case of the patient treated with anti-erbB2/Her2 CAR, however, the patient experienced hemorrhagic enteritis, pulmonary edema and cardiac arrest with death in 5 days after treatment. 80 These toxicities correspond to known sites of Her2 expression-bowel, lung and heart. On the other hand, this death occurred in the setting of CAR-T engraftment after lymphodepleting chemotherapy and a high T-cell dose that led to massive CAR-T expansion.
With the CEA studies, as mentioned, patients showed marker responses and these correlated with colitis, on-target/off-tumor effects. In our studies, low-dose IL-2 was applied, and colitis was a feature of CAR-T toxicity only with IL-2, which also correlated with clinical response. (A PSMA protocol with the same IL-2 dosing did not have colitis, 57 thus implying that this was a CEA-specific CAR-T toxicity with CAR-T activity enhanced by IL-2.) For the colitis toxicities, we managed them with drugs used for inflammatory bowel disease (mesalamine, budesonide) and/or IL-2 dose reductions, with adequate control. However, a cure has not yet been achieved. Will colitis become more severe with a more effective intervention? Or have we seen the worst of it?-in which case cure with more potent T-cell deliveries could be achieved.
These are the types of questions that need to be addressed prospectively for each CAR-T agent. On the other hand, our PSMA targeting achieved clinical responses in prostate cancer without evidence of on-target/off-tumor adverse effects in central nervous system or kidney where the PSMA is also expressed. Is this because the loss of the subset of PSMA+ type II astrocytes is inconsequential, or were they shielded from attack from the blood-brain barrier? I do not generally believe that the so-called blood-brain barrier is any barrier to T cells, and it has not been a barrier to responses of melanoma brain metastases in TIL therapies. 110 If brain had a barrier to T cells, then there would be no multiple sclerosis (MS) and blocking T cells from traversing blood to brain parenchyma with natalizumab 111 would not be effective in MS. Other aspects make solid tumors different. We consider the origins and nature of the cytokine release syndrome. The very same aspect that makes liquid tumors susceptible to cytokine release syndrome also makes them an ideal environment for persistence and expansion of CAR-T. Although IL-2 seems to be an important adjunct to solid tumor CAR-T therapies 57, 74, 106 (RPJ, unpublished results), it has not been as clearly needed in liquid tumors. In liquid tumors, virtually every CAR-T cell is exposed to tumor and undergoes stimulation with cytokine release. The summation systemically of all of these events can be sufficient to generate measureable levels of IL-2, 104 which is normally undetectable in human serum. By contrast, in solid tumors, with only a few CAR-T in contact with tumor at any given time, cytokine release syndrome is not generally observed in CAR-T therapies.
Safety in CAR design ('safer CARs') Prompted by the severe adverse event in the Her2 trial 80 and an unrelated event in a lymphoma patient on a CD19 trial, 112 recommendations emerged to make the treatments safer. One such approach was to create 'safer CARs', with this section heading borrowed from an editorial on this topic by Dr Helsop, 113 to reduce the impact of off-tumor toxicities. One approach is to include a suicide gene, such as the inducible caspase-9 that has been shown to rapidly abrogate graft-versus-host disease in transplant settings. 114 Inducing this agent will effectively ablate the antihost response, and also any antitumor benefit. In an attempt to 'tune' or attenuate the risk to the patient, more advanced designs have been proposed. One such approach attempts to target tumor more selectively versus normal tissue via a combinatorial approach. 115 Two methods are described: (1) requiring the presence of two antigens on the tumor cell to be targeted as a positive selection, or (2) negative selection where an antigen is expressed on a normal cell but not on a tumor. This depends, in the first instance, on the presence of two antigens together on a tumor that do not exist together on sensitive normal tissue, and in the second instance, the presence of a second protein on normal tissue that is not also present on the tumor. One or the other of these methods may be fruitful in select settings and awaits their first development for clinical use.
Safety in CAR-T dosing ('safer rules of the road') As suggested by Dr Helsop 113 and then by myself in a follow-up editorial from which this section title has been borrowed, 116 controlling how the cells are administered may be as important as CAR design for safety in targeting. Because of the shared normal tissue antigens, I have advocated a cautious approach in solid tumors, so that a table of AEs can be created with a management plan for each while minimizing loss of patient lives in the meantime. Although the traditional 3+3 design for drug exposures in Phase 1 testing has been time-tested and durably reliable, this approach and the concept of 'managed risk' have been undermined with the advent of new preparative LD procedures. Based on the success of engraftment protocols with TILs, 75 pioneered in the Surgery Branch/NCI, there has been an impetus for applying the same with CAR-T under the perception that there will be less than maximum clinical impact without lymphodepletion/engraftment. However, the hazard of this approach was been well demonstrated in the first use of LD with a second-generation Her2 CAR. 80 The patient underwent LD followed by a substantial CAR-T exposure (10 10 cells), with an aggressive on-target/off-tumor toxicity that was impossible to reverse because of the high driver for CAR-T expansion from homeostatic cytokines post LD and the vibrancy of second-generation, two-signal CAR-T to resist immunosuppression. 117 With this new means of generating 'drug exposures', new thinking was needed for managed risk to guide the patient exposures during safety testing.
The concept of 'Strategy Escalation' was proposed to address this setting. 118 In this, the CAR generations were contrasted: firstgeneration versus second-generation, and the administration methods were contrasted: simple infusion (SI) versus prior LD.
The rationale for these categories is as follows: Infusion method: The difference is in (a) the 'drug' exposure, AUC, in which the T cells decline in a monotonic manner with SI versus a massive expansion after LD, (b) cells after SI disappear over 2-4 weeks, whereas engrafted CAR-T after LD persist indefinitely and (c) exposure levels after SI are predictable and declining, whereas the exposures after LD are not predictable, with 10-fold differences between individuals with the same doses of CAR-T cells. 57 CAR generation: The difference is in (a) the proliferative potential, which is greater for second-generation, potentially amplifying toxicities if present, and (b) the higher resistance of the second generation to therapeutic immune suppression to control toxicity. 117 By this, first generation by SI is the least aggressive and the strategy of second generation with LD is most aggressive.
For the current predominance of second-or third-generation CAR-T with incorporated costimulation, it was recommended that SI with standard 3+3 dose escalation to high levels (e.g., 10 11 cells) would allow a controlled safety test and also provide response data. This has the further advantage that intrapatient dose escalation may be applied as we did in two prior trials, 54, 74 which is not practical with LD. With intrapatient escalation, the side effects and range of safety can be determined quickly and with a few patients. Then, if adequate safety is shown and responses could be improved, the rationale to advance to LD is supported, potentially being offered to the same patients who participated in the SI dose escalation.
This has been our procedure with the second-generation CEA CAR-T, which has generated interesting response data as well as GI toxicities-but without CAR-T deaths. Yet, we are not ready to advance to LD and engraftment until we have more confidence that the toxicity will not be significantly worse than that in the present, where we consider it manageable.
On the other hand, there are other ways to increase the potency with the SI method, still in a controlled manner, with cytokines, dosing and antibodies to inhibitory receptors/ligands, as discussed below. It may be that the costly and sometimes hazardous approach of LD can be avoided with meaningful clinical responses at the same time as our understanding of the underlying immunology improves. These options are all revealed by this incremental strategy of CAR-T testing.
SUMMARY
Every chemotherapy agent approved in use in cancer patients has proven its utility against cancer, to varying degrees, but most have significant side effects that can be found in the package insert. Similar to these chemotherapy agents, each with a set of toxicities that accompany its success, we must chronicle the adverse impacts of each CAR-T therapy and balance it against the benefits. In every instance, this is learned with the dose escalations that have been traditionally mandated by Food and Drug Administration and agencies. During such escalations, events may arise that were not anticipated a priori. For example, when CAIX was targeted by a first-generation G250 CAR-T, there was liver toxicity that was not anticipated because the antigen was not previously recognized on biliary epithelium. 109 Similarly, when applying a MAGE-3 TCR, MAGE-3 peptide targeting was not anticipated to yield cross-reactive neurotoxic effects. 30 It has been said (by me) that any immunologist can treat a B-cell cancer with CAR-T, but it will take an oncologist to treat a solid tumor. That is not to say that there are not hazards to treating a B-cell malignancy. A B-cell cancer generates cytokine release syndrome, which can be treated with antibodies. 103 But then one can sit back and watch the tumor disappear. Even this toxicity is not from targeting the normal tissue; it is systemic toxicity from the T cells themselves, undergoing an exuberant stimulation and cytokine production.
In the case of solid tumors, however, vulnerable normal tissue may be targeted and must be closely monitored during therapy to be protected. This is what every oncology fellow is taught from his first day in training. Monitor white count, platelets, hand-foot syndrome, desquamation, nausea, gastritis, colitis, neuropathy, diarrhea, ecchymoses and so forth. In T-cell therapies, listing the effects of normal tissue targeting generates the table of on-target/ off-tumor toxicities for the particular CAR.
Can CAR-T have an important impact in solid tumors? I believe the answer is yes. We must exhibit patience to develop the data on responses and on safety in parallel. The drawback of the death with the first Her2 application is not just the premature loss of life, but that it essentially blocked the development of a promising agent that might have been useable and response-generating if administered by SI at high doses, with the right combination of costimulatory signals, cytokines or other mediators. Indeed, this target was only recently readdressed, this time by SI infusion with very low CAR-T doses (o 3 x 10 8 cells versus 10 11 in studies with TILs 9 and CEA CAR 54 [RPJ, unpublished] ) that showed early indications of clinical activity and, as yet, no dose-limiting toxicities. 119 Higher doses by SI, with or without adjunctive measures, may yet bring about the remissions we seek.
It is possible to improve CAR-T potency, by any of several interventions other than LD (Table 1) . These need to be considered part of the 'drug' escalation and managed with patient safety in mind. These interventions can be for higher CAR-T 'drug' exposure: higher dose of T cells; the choice of LD with engraftment versus SI; higher-intensity LD for higher engraftment; 75 cytokine support: coadministration of systemic cytokines IL-2 (refs 9, 57, 74, 106) or IL-15; 120 treatment of dose ex vivo with IL-12 to shift the T cells to Th1 phenotype; 121 or IL-12 or other cytokines generated locally in situ (TRUCKs, armored CARs); 122, 123 confer resistance to immunosuppression: anticheckpoint antibodies (PD1, programmed death-ligand 1 and others), 14, 124 anti-CTLA4, 14,125 incorporate 4-1BB for costimulation to make T cells resistant to PD1 suppression; 78 Treg depletion/ anti-TGF-β; 126 myeloid-derived suppressor cell blockade; 127 IDO (indoleamine-pyrrole 2,3-dioxygenase) inhibitors; 128 incorporation of other costimulatory molecules that will better support T-cell activation and proliferation at a higher level and/or to resist apoptosis; application of stimulatory ligands for in vivo activation. 129 Apart from the cited hazards and costs of LD and engraftment, there is a disadvantage to science of going reflexively to LD without first performing graded SI exposures. The conditioning procedure obscures any chance to test the core driving hypotheses of current research, for example, that additional signals, as embodied in the advanced generation designer T cells or in complementary interventions (e.g., Table 1 ), can promote a fully competent T-cell response with in situ expansion until tumor elimination. My personal bias is that LD should be viewed as an intervening measure to compensate for our still-imperfect T-cell engineering, applied only until we become better at immunology. T-cells engaged by antigenpresenting cells can eliminate infections and with very few starting cognate effectors, and when we have successfully adopted the requisite features into our engineering, I believe that we will similarly be able to eliminate cancers as efficiently, without engraftment and its attendant hazards and costs.
Balancing safety against these more potent CAR-T cells, however created and applied, methods may also be considered to attenuate or manage side effects in a controlled manner (Table 2 ). These include choice of antigen to minimize risk to sensitive normal tissue, choice of vector structure with combinatorial CARs or CAR+iCAR, 114 with suicide gene as last resort (inducible caspase). 115 Safety may also be enhanced by choice of treatment design with regional versus systemic infusion, and by choice of escalation method with SI and dose escalation versus LD and engraftment. Finally, safety ultimately requires attention to the specifics of the side effects (fever, diarrhea and so on) that may be ameliorated with established medical interventions, or by newly devised interventions in the Abbreviations: Abs, antibodies; CTLA4, cytotoxic T-lymphocyte-associated antigen 4; IDO, indoleamine-pyrrole 2,3-dioxygenase; LD, lymphodepletion; MDSC, myeloid-derived suppressor cell; PD1, programmed death 1; PDL1, programmed death-ligand 1; TGF, tumor growth factor; Treg, regulatory T cell same way that MESNA was developed to abate bladder toxicity in high-dose cyclophosphamide therapy. 130 In the same way that we apply chemotherapy agents with a balance between tumor and tissue activity, we need to be prepared for the same balance with these agents; the concepts are the same.
Finally, whereas Phase 1 and 2 studies focus on patients with large volume disease who have failed standard therapies with a certainty of death ahead of them, these are not necessarily the patients who will have the most benefit. Nevertheless, initial treatment of Stage IV patients is the same path all chemotherapy and biologic agents have followed prior to approval. However, when applied in the adjuvant setting, with minimal residual disease, cures have been obtained with chemotherapies when no cures were ever achieved with the same agent in macroscopic metastatic disease. This may be an important opportunity even for those CAR-T agents that cannot be safely administered with LD (e.g., Her2) but only under controlled SI dosing-which will be revealed by this more patient approach. 
